Nicotine use increases the risk for subsequent abuse of other addictive drugs, but the biological basis underlying this risk remains largely unknown. Interactions between nicotine and other drugs of abuse may arise from nicotine-induced neural adaptations in the mesolimbic dopamine (DA) system, a common pathway for the reinforcing effects of many addictive substances. Previous work identified nicotine-induced neuroadaptations that alter inhibitory transmission in the ventral tegmental area (VTA). Here, we test whether nicotine-induced dysregulation of GABAergic signaling within the VTA increases the vulnerability for benzodiazepine abuse that has been reported in smokers. We demonstrate in rats that nicotine exposure dysregulates diazepam-induced inhibition of VTA GABA neurons and increases diazepam consumption. In VTA GABA neurons, nicotine impaired KCC2-mediated chloride extrusion, depolarized the GABA A reversal potential, and shifted the pharmacological effect of diazepam on GABA neurons from inhibition toward excitation. In parallel, nicotine-related alterations in GABA signaling observed ex vivo were associated with enhanced diazepam-induced inhibition of lateral VTA DA neurons in vivo. Targeting KCC2 with the agonist CLP290 normalized diazepam-induced effects on VTA GABA transmission and reduced diazepam consumption following nicotine administration to the control level. Together, our results provide insights into midbrain circuit alterations resulting from nicotine exposure that contribute to the abuse of other drugs, such as benzodiazepines.
Introduction
Nicotine is the main addictive component of tobacco and electronic cigarettes. Epidemiological and animal studies indicate that, along with other harmful effects, nicotine use positively correlates with the intake of other addictive drugs, acting as a gateway for subsequent substance abuse (Kandel, 1975; Boscarino et al., 2010; Huizink et al., 2010; Harrison and McKee, 2011; Levine et al., 2011; Mello and Newman, 2011; Doyon et al., 2013; Kandel and Kandel, 2014; Miech et al., 2016; Thomas et al., 2018) . The specific mechanisms by which nicotine increases vulnerability for subsequent addiction to other substances are not fully understood, but likely involve nicotine-induced adaptations in the reward system of the brain. Accumulating evidence indicates that chronic nicotine exposure dysregulates GABAergic signaling in the ventral tegmental area (VTA), a key dopaminergic brain area involved in the rewarding properties of virtually all addictive drugs (Vihavainen et al., 2008b; Li et al., 2014; Buczynski et al., 2016; Thomas et al., 2018) . To date, nicotine-induced changes in VTA GABAergic transmission have been shown to influence dopamine (DA) signaling and behavioral responses to alcohol and morphine (Vihavainen et al., 2008a,b; Thomas et al., 2018) . We postulate that, in addition to these drugs, nicotine-induced neuroadaptation of VTA inhibitory transmission can modify the action of addictive substances that specifically target GABA A receptors (GABA A R).
Among the different classes of GABA A R-targeting drugs, benzodiazepine misuse is a growing public health problem in the United States, with prescription rates and overdose mortality spiking in recent years (Bachhuber et al., 2016; Lembke et al., 2018; Maust et al., 2019) . Acting through positive allosteric modulation of GABA A R, benzodiazepines are regularly prescribed for panic attacks, insomnia, and seizures. Unfortunately, these drugs also retain a liability for abuse and dependence, especially in polydrug users and individuals with comorbid anxiety and depression (Woods et al., 1992; Griffiths and Weerts, 1997; Licata and Rowlett, 2008) . Interestingly, benzodiazepine abuse is more likely to occur in smokers (Dunbar et al., 1988; Lekka et al., 1997; Neutel, 2005) , and evidence from rodents shows that exposure to nicotine increases the reinforcing properties of benzodiazepines (White, 1989; Irvine et al., 2001; James-Walke et al., 2007) . Like nicotine, benzodiazepine reinforcement involves midbrain GABAergic signaling, as genetic manipulation of GABA A Rs in the VTA was shown to decrease benzodiazepine consumption (Tan et al., 2010; Tolu et al., 2013) . In contrast to DA neurons, VTA GABA neurons are particularly sensitive to benzodiazepines, demonstrating drug-mediated inhibition of neuronal firing (O'Brien and White, 1987; Tan et al., 2010) . For these reasons, VTA GABA neurons may represent a critical locus of interaction for the association between nicotine exposure and subsequent benzodiazepine abuse.
To examine basic neural mechanisms linking nicotine to benzodiazepine abuse, we studied how nicotine exposure in naive rats alters subsequent responses to the benzodiazepine diazepam, including diazepam-induced VTA neuron signaling and diazepam intake. Given that GABA A R signaling in VTA GABA neurons is impacted by chronic nicotine exposure (Thomas et al., 2018) , we hypothesized that similar nicotine-induced neuroadaptations modify diazepam action on midbrain circuitry. Indeed, we found that a single, non-contingent nicotine exposure and volitional consumption of nicotine both dysregulate GABA A R signaling within VTA GABA neurons via downregulation of the K 1 , Cl À cotransporter KCC2. This impaired Cl À homeostasis and shifted diazepam-induced inhibition of VTA GABA neurons towards paradoxical excitation, which was associated with decreased DA neuron firing in response to diazepam. At the behavioral level, a single exposure to nicotine increased diazepam consumption, an effect that could be reversed by enhancing KCC2 function. These results indicate that nicotine exposure fundamentally alters the effects of diazepam on mesolimbic DA circuitry and thereby contributes to increased diazepam intake.
Materials and Methods

Animals
Male Long-Evans rats (Harlan-Envigo, weighing 300-500 g) were housed in a quiet, temperature-controlled and humidity-controlled facility under a 12/12 h light/dark cycle. Rats had food and water available ad libitum in their home cages. All rats were group housed except for use in behavior experiments when animals were transitioned to single-housing at the onset of daily drinking. All rats were handled at least 5 d prior to the beginning of testing. All animal procedures were performed in accordance with the University of Pennsylvania animal care committee's regulations.
Drugs and experimental design
Systemic administration of nicotine (0.4 mg/kg, freebase, i.p., Glentham Life Sciences) or saline (0.9% saline, i.p., Hospira) occurred 7-15 h prior to diazepam exposure or testing. For systemic administration, CLP290 was first dissolved in 40% b -cyclodextrin (20 mg/ml), then diluted in saline to a final concentration of 10 mg/ml in 20% b -cyclodextrin (Gagnon et al., 2013) . Using 10 N NaOH, the pH was adjusted to be between 5 and 6. Systemic administration of CLP290 (10 mg/kg, i.p.) or vehicle (20% b -cyclodextrin) occurred 45 min prior to diazepam intake sessions over three non-consecutive days (Thomas et al., 2018) . In ex vivo experiments, slices were incubated for 1 h in 10 mM CLP290, which was first dissolved in DMSO (100 mM), then diluted in artificial CSF (ACSF) to a final concentration. The carbonic anhydrase inhibitor acetazolamide (ACTZ) was bath applied at concentration of 10 mM. Diazepam (Sigma Aldrich) was dissolved in 190 proof ethanol before it was dissolved daily in the saccharin drinking solution. The final concentration of ethanol in the solution was 0.0475%. Drugs used for electrophysiological recordings were obtained from Sigma Aldrich unless otherwise specified. CLP290 was a generous gift from Dr. Y. De Koninck and Dr. A. Castonguay (Laval University, Quebec, Canada).
Ex vivo electrophysiology
Horizontal slices (230 mm) containing the VTA were cut (Leica Microsystems) from adult and juvenile (P21-P28) Long-Evans rats in ice-cold, oxygenated (95% O 2 , 5% CO 2 ), high-sucrose ACSF: 205.0 mM sucrose, 2.5 mM KCl, 21.4 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 0.5 mM CaCl 2 , 7.5 mM MgCl 2 , and 11.1 mM dextrose. Immediately after cutting, slices were transferred to normal ACSF buffer: 120.0 mM NaCl, 3.3 mM KCl, 25.0 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 2.0 mM CaCl 2 , 1.0 mM MgCl 2 , 10.0 mM dextrose, and 20.0 mM sucrose. The slices were constantly oxygenated (95% O 2 , 5%CO 2 ) and maintained at 32°C in ACSF for 40 min, then at room temperature for at least 60 min. For incubation experiments, slices were bathed in CLP290 (10 mM) for an additional hour prior to recording. To perform electrophysiological recordings, slices were transferred to a holding chamber and perfused with normal ACSF at a constant rate of 2-3 ml/min at 32°C. Patch electrodes made of thin-walled borosilicate glass [1.12 mm inner diameter (ID), 1.5 mm outer diameter (OD); World Precision Instruments (WPI)] had resistances of 1.0-2.0 MV when filled with the internal solution: 135.0 mM KCl, 12.0 mM NaCl, 2.0 mM Mg-ATP, 0.5 mM EGTA, 10.0 mM HEPES, and 0.3 mM Tris-GTP (pH 7.2-7.3).
For E GABA perforated-patch recordings in VTA GABA neurons, gramicidin was first dissolved in methanol to a concentration of 10 mg/ml and then diluted in a pipette solution to a final concentration of 150 mg/ml. For synaptic stimulation recordings, a bipolar tungsten-stimulating electrode (World Precision Instruments) was placed 100-150 mm away from the recording electrode. To determine E GABA , evoked IPSCs (eIPSCs) were measured under voltage clamp at different holding potentials. Amplitudes of eIPSCs were plotted against voltage to estimate the reversal potential. After each perforated-patch experiment, recordings were converted to the whole-cell configuration, and the hyperpolarization-activated current (I h ) was measured. Recordings were performed in the presence of 6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 mM) and DL-2amino-5-phosphonopentanoic acid (AP5, 50 mM; Tocris Bioscience), CGP55845 (1 mM), and tetrodotoxin (0.5 mM, Abcam) to isolate GABAergic currents.
Analogous experiments were conducted to determine whether acute nicotine altered E GABA in young rats (P21-P28). Indistinguishable from adult animals, VTA GABA neurons from P21 to P28 rats receiving nicotine showed a significantly more depolarized E GABA value compared with saline-treated controls: À63.8 6 4.3 mV after nicotine, À87.6 6 2.4 mV after saline, n = 7, n = 8 cells/group, n = 4, n = 5 rats/group, t = 4.956, p = 0.000 (Table 1 , line a). Cell visualization and long-term patchclamp recordings in slices from adult rats are harder compared with juvenile rats. Therefore, given the similarity of nicotine effects between young and adult rats, subsequent ex vivo electrophysiological recordings were performed in midbrain slices from juvenile rats.
To measure activity-dependent depression of eIPSCs, whole-cell recordings were performed during repetitive stimulation. The estimated GABA reversal was approximately À70 mV, and the internal solution contained the following: 123.0 mM K 1 -gluconate, 8.0 mM NaCl, 2.0 mM Mg-ATP, 0.2 mM EGTA, 10.0 mM HEPES, and 0.3 mM Tris-GTP (pH 7.2-7.3). Synaptic GABA A input was isolated using DNQX, AP5, and CGP55845. The liquid junction potential between the bath and the pipette solutions was corrected.
The effects of diazepam on firing rates of VTA GABA neurons were recorded in cell-attached configuration in passive voltage-follower mode. For focal puff application of diazepam, the puff capillary was placed 10-20 mm from the patched neuron. Brief (150-300 ms) focal pressure ejections (one to three puffs at 1.3 Hz) of diazepam (0.5 mM) occurred at 1 min intervals following recording of baseline firing. After each cell-attached experiment, recordings were converted to the whole-cell configuration and I h was measured. Some cells were also backfilled with neurobiotin for immuno-identification.
Spontaneous IPSCs (sIPSCs) onto VTA DA neurons were recorded in voltage-clamp mode in whole-cell configuration. Synaptic GABA A inputs were isolated pharmacologically with the AMPA and NMDA-type glutamate receptor antagonists DNQX and AP5. Additional sIPSC experiments were also performed with ACTZ (10 mM) in the bath or CLP incubation (10 mM).
All electrophysiological recordings were performed in the lateral VTA ( Fig. 1A) . VTA GABA neurons were identified by a combination of factors, including small somata size, high firing rate (.7 Hz), and the lack of I h ( Fig. 1B) . Cells with these properties were consistently tyrosine hydroxylase (TH) negative (.95%, Fig. 1C ; Klink et al., 2001; Korotkova et al., 2006; Margolis et al., 2006; Ostroumov et al., 2016) . Alternatively, DA neurons were identified in the lateral VTA by their morphology (.20-mm soma size), their low firing frequency (,5 Hz), and the presence of a large I h (Fig. 1D,E) . Together, these criteria are shown to correlate with TH-positive cells using immunocytochemistry approaches (95%; Fig. 1F ; Chen et al., 2008; Zhang et al., 2010; Ostroumov et al., 2016) .
Recordings were made using an Axopatch 200B amplifier (Molecular Devices), filtered at 10 kHz, digitized at 20 kHz using pClamp 9.2 (Digidata Interface, Molecular Devices), and analyzed off-line using Clampfit 9.2.
Western blotting
The VTA was harvested in horizontal brain slices from adult rats and prepared as described previously (see above, Ex vivo electrophysiology). Membrane fractions were prepared using the Mem-PER Plus Membrane Protein Extraction kit (model 89 842; Thermo Scientific). Samples (30-mg protein) in 2.5% 2-mercaptoethanol were run through a 4%-15% Precast Protein Gel (#4561083; Bio-Rad) and transferred to nitrocellulose membrane (Bio-Rad). The primary antibodies used were rabbit anti-KCC2 antibody at 1:400 (#07-432; Millipore) and mouse antiglyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (#MAB374; Millipore) at 1:400. The secondary antibodies used were goat anti-rabbit immunoglobulin (Ig) G secondary antibody (#T2191; Applied Biosystems) or goat anti-mouse IgG/IgM (#T2192, Applied Biosystems). All antibodies were diluted in SignalBoost solution (#407207; EMD Millipore). Membranes were developed using Tropix CDP-Star solution (T2218; Applied Biosystems) for 5 min and then scanned using the Protein Simple FluorChem R chemiluminescence detector and analyzed using ImageJ. The optical densities of KCC2-specific bands were measured and normalized to the loading control GAPDH values.
In vivo electrophysiology
Rats were anesthetized with isoflurane and implanted with a catheter in the jugular vein. Animals were positioned on a stereotaxic apparatus and an incision in the middle was made to expose the skull. Burr holes were drilled to accommodate recording and ground electrodes. Rat body temperature was maintained throughout the experiment at 378C using an isothermal pad (Braintree Scientific).
Electrodes were pulled on a horizontal puller (Sutter Instrument) from filament-containing borosilicate glass (0.68 mm ID, 1.2 mm OD; WPI). Electrodes were backfilled with 0.5 M Na 1 acetate and 2% Chicago sky blue (5-15 MV). Electrodes were slowly lowered with a micromanipulator and positioned in the lateral VTA (coordinates 5.3-6.0 mm posterior from bregma, 0.8-1.4 mm lateral to midline and 7.5-8.5 mm ventral to brain surface). Electrical signals were recorded using an AM Systems Model 1700 amplifier, filtered at 0.3-5 kHz and monitored using pClamp 8.0 (Molecular Devices) and an audiomonitor (Grass Instruments).
Lateral VTA DA neurons were identified based on their electrophysiological and pharmacological properties. Putative DA neurons exhibited low-frequency spontaneous firing (,10 Hz, irregular or bursting) and a broad action potential waveform (.3 ms; Fig. 1G ). In addition to electrophysiological criteria, we used pharmacological methods to identify DA neurons. DA neurons included in this study decreased their firing in response to D2 receptor agonist (quinpirole, 0.25 mg/kg, i.v.), and this effect was reversed by application of D2 receptor antagonist (eticlopride, 0.25 mg/kg, i.v.; Fig. 1H ). This combination of conservative electrophysiological and pharmacological criteria is a reliable methodology to identify DA neurons in the lateral VTA (Ungless and Grace, 2012). After 6-20 min of stable neuronal recording (basal activity), a 0.25 mg/kg dose of diazepam was injected intravenously. Only one cell was recorded per rat. Drug-induced modifications of the basal activity were calculated in percentage for the 3-to 7-min period following each administration of diazepam and compared with the predrug baseline. Following diazepam administration, quinpirole and eticlopride were injected intravenously for pharmacological identification of VTA neurons.
After recording, the cell location was labeled by application of Chicago sky blue dye. The dye was injected via administering positive pressure (1-2 min) through the suction port in the microelectrode holder. At the end of experiment, brains were kept in 10% formalin for at least 1 d. The brains were cut into 75-mm coronal sections on a vibratome (Leica Microsystems Inc.) and stained with cresyl violet to verify the recording site by light microscopy.
Limited access nicotine consumption
Initially, rats received 1-h access to saccharin solution (0.125%) in a chamber distinct from their home cage. Baseline saccharin consumption was monitored for at least 5 d until intake appeared stable. Nicotine was then introduced into the saccharin drinking solution in the following way: 0.004 mg/ml nicotine (freebase) on day 1 and 0.008 mg/ml nicotine (freebase) for the subsequent 6 d. The control group was never introduced to nicotine and received saccharin control solution for the same number of sessions. Similar to the baseline days, rats also had 1-h access to these nicotine or saccharin solutions for the 7 d. Western blotting or electrophysiological measurements were performed the day after the last nicotine or saccharin session.
Limited access diazepam consumption
All rats were handled and habituated to injections for 5 d prior to the start of experiments. Each day at the onset of the dark cycle (7 P.M.), water bottles were replaced with bottles containing 0.125% saccharin dissolved in water. Solution intake was measured 2 h later by subtracting the weight of the bottles at 9 P.M. from the initial weight of the bottles before placement in the cages at 7 P. M. An empty control cage was used to account for any leakage from the experimental bottles. Saccharin drinking proceeded for 7-10 d until the stable baseline drinking A, The lateral VTA was identified as medial to the medial terminal nucleus of the accessory optic tract (mt) and lateral and rostral to the crest of medial lemniscus (ml). SNc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata; ml = medial lemniscus; mt = medial terminal nucleus of accessory optic tract. B, VTA GABA neurons displayed fast spontaneous firing rates (.7 Hz) and lack of I h . The firing rates of VTA GABA neurons were recorded in cell-attached configuration in passive voltage-follower mode. I h was recorded in whole-cell configuration using voltage step protocol (À40 to À110 mV in 10-mV steps, 1.5-s duration, traces on B displayed for steps from À80 to À110). C, Neurobiotin-labeled VTA neurons with these electrophysiological properties were immunonegative for TH, consistent with a non-DA phenotype. D, Ex vivo patch clamp recordings of DA neurons were performed in the lateral VTA. Spontaneous firing rate of DA neurons was measured using the cell-attached configuration, and the whole-cell configuration was used to identify DA neurons electrophysiologically and histochemically on termination of the recording. E, VTA DA neurons displayed low spontaneous firing frequency (,5 HZ) and large I h (.150 pA). F, Neurobiotin-labeled DA neurons with these electrophysiological properties were immuno-positive for TH (red stain). G, In vivo single-unit recordings of VTA DA neurons in anesthetized rats. Example traces for putative DA neurons showing low-frequency spontaneous firing (,10 Hz) and broad triphasic action potential (.3 ms). H, Putative DA neurons were inhibited by the D2-type receptor agonist quinpirole (0.25 g/kg). This effect was then reversed following the D2-type receptor antagonist eticlopride (0.25 g/kg). levels were achieved (defined as 61 SD of the last three saccharin days for each rat).
The day following the final baseline session of saccharin drinking, rats were injected with either nicotine or saline, intraperitoneally, 7 h prior to drinking. Diazepam was then introduced into the drinking solution that night at 7 P.M. Diazepam was dissolved to a concentration of 0.005 mg/ ml in the saccharin drinking solution. Doses of diazepam achieved were expressed as mg/kg. Rats whose baseline saccharin drinking prior to diazepam exposure fell outside of our acceptable range of saccharin consumption, defined as 2 SD above and below the mean baseline saccharin consumption of all rats (14.1 g), did not receive diazepam or proceed with the experiment. This was done in order to ensure that rats were consuming enough solution to achieve a pharmacologically relevant dose of diazepam.
Statistical analyses
A two-tailed t test was used to assess differences between the mean GABA reversal potential, sIPSC frequency, and DA neuron firing rate. For Western blot analysis, a paired t test was used to compare protein levels from saline-treated and nicotine-treated littermates that were run on the same gel. An ANOVA with repeated measures was used to analyze the repetitive synaptic stimulation experiment, action potential firing in VTA GABA neurons, and daily diazepam intake. For analysis of action potential firing, the raw data were converted into percent of basal, and the last three bins (2 min each) before bath application of diazepam were used as the baseline. Significance for all analyses was determined by p , 0.05. All statistical analysis was performed using SPSS software (IBM Corp.).
Results
Nicotine impairs Cl 2 homeostasis in VTA GABA neurons A recent study showed that repeated nicotine exposure during adolescence modifies inhibitory synaptic transmission in the VTA via depolarizing shifts in the GABA A R reversal potential (E GABA ) of GABA neurons (Thomas et al., 2018) . To determine whether acute nicotine exposure was sufficient to alter E GABA , rats were treated with nicotine (0.4 mg/kg) or saline ;15 h prior to electrophysiological recordings from midbrain slices. We chose the 15-h pretreatment period to examine the lasting impact of nicotine on neural circuits, and not the immediate pharmacological effect of nicotine itself. We measured GABA A R currents at different membrane potentials following electrical stimulation ( Fig. 2A,B ). VTA GABA neurons from rats receiving nicotine showed a significantly more depolarized E GABA value compared with saline-treated controls (Fig. 2B,C) : À62.3 6 2.5 mV after nicotine (red data) versus À85.5 6 1.9 mV after saline (black data), n = 13, n = 14 cells/group, n = 7 rats/group, t = 7.525, p = 7.039 Â 10 À8 (Table 1, line b) . Although E GABA was depolarized, acute nicotine did not alter the membrane resting potential (measured as zero holding current): À62.7 6 2.7 mV after nicotine, À58.8 6 1.8 mV after saline, n = 13, n = 14 cells/group, n = 7 rats/group, t = À1.191, p = 0.245 (Table 1, 
line c).
A depolarizing shift in E GABA reflects a higher intracellular anion concentration and is often mediated by a decrease in Cl À extrusion capacity. During prolonged GABA A R stimulation, decreased Cl À extrusion capacity leads to intracellular Cl À accumulation, culminating in the collapse of the Cl À gradient and decreased synaptic GABA A R inhibition. To test whether acute nicotine administration weakens Cl À extrusion in VTA GABA neurons, we established a similar Cl À gradient in cells from nicotine and saline-treated rats by using the whole-cell patch clamp recording configuration. Then, we applied repetitive GABA A R stimulation to measure activity-dependent collapse of the Cl À gradient, which is reflected in the depression of the eIPSCs (Hewitt et al., 2009; Ostroumov et al., 2016; Ferrini et al., 2017) . Specifically, the rate of decrease of eIPSC amplitude at the conditions that favor Cl À influx (0 mV) depends on intracellular Cl À accumulation and activity-dependent synaptic depression. In contrast, the rate of eIPSC amplitude decrease at the conditions of Cl À efflux (À90 mV) only reflect activity-dependent synaptic depression. Upon electrical stimulation at 20 Hz at a holding potential of À90 mV, nicotine did not affect the rate of synaptic depression in VTA GABA neurons ( Fig.  2D) : group Â number, F (4,88) = 0.499, p = 0.736 (Table 1, line d). In contrast, the decrease in eIPSC amplitude at 0 mV occurred significantly faster after nicotine pretreatment ( Fig. 2E) : group Â number, F (4,88) = 12.240, p = 0.000 (Table 1 , line e). The differential effect of acute nicotine at À90 versus 0 mV indicates that nicotine increased postsynaptic Cl À accumulation, suggesting a reduced capacity for Cl À extrusion in VTA GABA neurons.
Reductions in Cl À extrusion capacity in neurons are often mediated by the downregulation of KCC2 (Ostroumov et al., 2016; Thomas et al., 2018) . Within the VTA, KCC2 protein is expressed on non-DA, GABAergic neurons, which is consistent with the presence of another chloride extrusion mechanism in DA neurons (Gulácsi et al., 2003; Ostroumov et al., 2016; Taylor et al., 2016; Thomas et al., 2018) . To examine acute nicotine-induced alterations in KCC2 protein expression, we performed Western blot analysis using an antibody against KCC2 protein. Immunoblots revealed two prominent bands (;140 and ;270 kDa), indicating the presence of monomeric and dimeric structures of KCC2 protein (Fig. 2F) . A significant reduction in the expression of KCC2 was observed after acute nicotine pretreatment ( Fig. 2G ): 59.9 6 7.0% for monomer, 59.0 6 10.6% for dimer, n = 6 rats/group, t = 4.526, p = 0.006 for monomer (Table 1 , line f), t = 2.930, p = 0.033 for dimer (Table 1, line g). Our results indicate that acute nicotine decreases KCC2 expression and function, leading to impaired Cl À homeostasis in VTA GABA neurons.
In addition to acute noncontingent nicotine exposure (i.e., experimenter-administered), we measured chloride homeostasis in rats that received 1-h daily access to nicotine in saccharin drinking solution. Under this paradigm, rats demonstrated stable intake of nicotine (0.15 6 0.01 mg/kg, n = 11 rats; Fig. 3A,B) . Seven nicotine drinking sessions led to a significantly depolarized E GABA value in Figure 2 . Acute nicotine exposure alters Cl À homeostasis in the VTA. A, GABAergic input onto VTA GABA neurons was measured using gramicidin perforated-patch whole-cell recordings at different holding potentials to measure nicotine-induced alterations in anion homeostasis. GABA A IPSCs were evoked by electrical stimulation in the presence of ionotropic glutamate and GABA B receptor antagonists. B, Representative eIPSC recordings from saline (black) and nicotine (red)-treated animals at the given holding potentials (V h ). The eIPSCs reverse direction at E GABA . For display, the traces were filtered, and stimulus artifacts were removed. C, VTA GABA neurons from nicotine-treated animals (red) showed a significantly more positive E GABA compared with saline-treated animals (black); ppp , 0.01, significantly different by t test, n = 13, n = 14 cells/group, n = 7 rats/group. D, Activity-dependent synaptic depression in VTA GABA neurons was measured during whole-cell patch clamp recordings under repetitive GABA A R stimulation. Traces on top: representative GABA neurons from saline (black) and nicotine-treated rats (red) demonstrated a similar depression in eIPSC amplitude when stimulated at 20 Hz and clamped at À90 mV. Bottom graph, At À90 mV, VTA GABA neurons from control and stressed animals showed no significant difference in rate of eIPSC amplitude depression (p . 0.05, n = 8 cells, n = 4 rats for the nicotine group and n = 16 cells, n = 6 rats for the saline group). Amplitude values were averaged for five eIPSCs and shown as a percent of the first five eIPSCs mean amplitude. E, Cl À accumulation was measured as in D, but VTA GABA neurons were clamped at 0 mV. Top traces, Upon stimulation, VTA GABA neuron from control animal (black) demonstrated a minor depression of eIPSC amplitude compared with the significantly greater depression seen in a GABA neuron from a stressed animal (red). Bottom graph, At 0 mV, GABA neurons from nicotine treated animals (red) demonstrated a significantly greater rate of eIPSC amplitude depression than GABA neurons from saline-treated animals (black); ppp , 0.01, significantly different by ANOVA with repeated measures, n = 8 cells, n = 4 rats for the nicotine group and n = 16 cells, n = 6 rats for the saline group. F, Western blot analysis was conducted for KCC2 protein expression with GAPDH as a loading control. A representative Western blotting shows reduced expression of KCC2 VTA GABA neurons compared with seven drinking sessions of saccharin alone (Fig. 3C) : À59.5 6 3.3 mV after nicotine (red data) versus À82.0 6 2.3 mV in saccharin controls (black data), n = 6, n = 8 cells/group, n = 3 rats/group, t = 5.724, p = 9.544 Â 10-5 (Table 1, line h). In addition, we observed a significant reduction in KCC2 expression within the VTA after 7 d of nicotine consumption (Fig. 3D) : 65.0 6 11.3% for monomer, t = 2.618, p = 0.047; 66.6 6 9.5% for dimer, t = 2.587, p = 0.049, n = 6 rats/group (Table 1 , lines i, j). Taken together, these data indicate that different methods of nicotine administration induce similar alterations in KCC2 expression, chloride homeostasis, and GABA A R signaling within VTA GABA neurons.
Acute nicotine exposure shifts the effect of diazepam in VTA GABA neurons
Depolarizing shifts in E GABA result in decreased synaptic inhibition or even paradoxical GABAergic excitation of VTA GABA neurons in response to GABA A R activation (Ostroumov et al., 2016; Thomas et al., 2018) . Given that benzodiazepines enhance GABA A R function in VTA GABA neurons (Tan et al., 2010) , we hypothesized that acute nicotine exposure would alter the effects of diazepam on VTA GABA neuron activity. To test this, midbrain slices were prepared from rats pretreated with nicotine or saline (15 h prior), and diazepam's effect on VTA GABA neuron spontaneous firing rate was measured in a cell-attached configuration (Fig. 4A) . The basal spontaneous firing rate of GABA neurons was not altered after exposure to the nicotine treatment: 12.9 6 1.3 Hz in salinetreated versus 10.2 6 1.2 Hz in nicotine-treated rats (n = 7, n = 8 cells/group, n = 4, n = 5 rats/group, t = À1.584, p = 0.137; Table 1 , line k). Bath-application of diazepam (5 mM) on VTA slices from saline-treated control animals decreased GABA neuron firing rate (Fig. 4B,C, black data) , consistent with the enhanced GABA A R-mediated inhibition of VTA GABA neurons (Tan et al., 2010) . In marked contrast, a significant diazepam-induced increase in GABA neuron firing rate was observed following nicotine ( Fig. 4B ,C, red trace): group Â time, F (10,130) = 10.593, p = 0.000 (Table 1, line l). This finding demonstrates that diazepam-dependent enhancement of GABA A R activity induced GABAergic excitation of VTA GABA neurons after exposure to nicotine.
To differentiate global diazepam-mediated alterations in VTA GABA neuron firing from local synaptic effects on the patched neurons, we performed brief focal pressure ejection of diazepam onto VTA GABA neurons (Fig. 4D) . Upon focal application of diazepam, VTA GABA neurons from control animals showed decreased firing ( Fig. 4E,F ; black data, 66.0 6 3.0% of basal firing, n = 17 cells, n = 11 rats). After acute nicotine treatment, local diazepam application produced less GABA-neuron inhibition, and eight out of 17 GABA neurons from nicotine-treated animals showed increased firing to diazepam (Fig. 4E ,F, red data; 103 6 9.9% of basal, n = 17 cells, n = 9 rats, t = 3.592, p = 0.001; Table 1 , line m). Taken together, our results show qualitatively similar effects of bath and local diazepam application on VTA GABA neuron firing rate.
Acute nicotine increases diazepam-induced inhibition of DA neurons ex vivo
VTA GABA transmission influences midbrain DA neuron activity and is modulated on exposure to diazepam (Tan et al., 2010) . Depolarizing shifts in E GABA within VTA GABA neurons were previously associated with greater ethanol-induced inhibition of lateral VTA DA neurons (Ostroumov et al., 2016; Thomas et al., 2018) . To determine whether acute nicotine exposure altered diazepaminduced GABA release onto DA neurons, we performed whole-cell patch-clamp recordings of lateral VTA DA neurons and measured sIPSCs (Fig. 5A) . No significant differences in baseline sIPSC frequency or amplitude were detected between the saline and nicotine groups: 2.2 6 0.2 Hz in saline-treated versus 2.3 6 0.4 Hz in nicotine-treated rats, 34.4 6 4.0 pA in saline-treated versus 34.2 6 2.8 pA in nicotine-treated rats (t = 0.234, p = 0.817 Figure 3 . Nicotine consumption impairs chloride homeostasis in the VTA. A, Rats consumed a nicotine-containing saccharin solution for 1 h/d over the course of 7 d. B, Mean nicotine consumption during 1 h daily free-access sessions. Rats consumed 0.15 6 0.01 mg/kg nicotine on average over the 7 d of limited access, n = 11 rats. C, VTA GABA neurons from nicotine-drinking (red) rats displayed a significantly depolarized E GABA relative to saccharin-drinking (black) rats; ppp , 0.01, significantly different by t test, n = 6, n = 8 cells/group, n = 3 rats/group. D, Western blot analysis revealed that nicotine-drinking produced a significant reduction in KCC2 expression in the VTA relative to saccharin drinking rats (horizontal dashed line); pp , 0.05 significantly different by paired t test, n = 6 animals/group. continued in nicotine-treated animals. G, Densiometric analysis showed a significant reduction in KCC2 protein in nicotine-treated animals (red bars) compared with saline-treated controls (horizontal dashed line); pp , 0.05, ppp , 0.01, significantly different by paired t test, n = 6 animals/group. for frequency and t = À0.045, p = 0.965 for amplitude, n = 14, n = 15 cells, n = 6 rats/group, Table 1 , lines n, o). In saline-treated control rats, bath-applied diazepam (5 mM) produced a decrease in sIPSC frequency (Fig. 5A,B) : 69.1 6 3.8% of basal, black data, n = 15 cells, n = 6 rats. In contrast, lateral-VTA DA neurons from rats pretreated with nicotine showed a significant diazepam-induced increase in sIPSC frequency compared with control rats (Fig. 5A,B) : nicotine-treated, 125.8 6 4.4% of basal, red data, n = 14 cells, n = 6 rats, t = 9.850, p = 0.000 (Table 1, line p). Importantly, neither group showed alterations in sIPSC amplitude on exposure to diazepam: 103.36 6 11.3% in saline-treated rats versus 98.0 6 4.9% in nicotine-treated rats (n = 14, n = 15 cells/group, n = 6 rats/group, t = À0.425, p = 0.674; Table 1 , line q). An increase in the frequency, but not the amplitude, of sIPSCs following diazepam suggests enhanced presynaptic GABA release onto the DA neurons. These changes in GABA release in saline-treated and nicotine-treated groups correspond with diazepam-induced inhibition and excitation of VTA GABA neurons, respectively.
To test whether diazepam-induced potentiation of sIPSC frequency involved GABA A R-mediated excitation of VTA GABA neurons, we pharmacologically blocked excitatory GABA A R function. Previous studies reported that depolarizing current through GABA A R is mediated by the outward flow of HCO 3 ions, which becomes predominant during the loss of the hyperpolarizing Cl À gradient (Staley et al., 1995; Laviolette et al., 2004; Doyon et al., 2016; Ostroumov et al., 2016) . Given that the carbonic anhydrase inhibitor ACTZ blocks the intracellular production of bicarbonate ions and the depolarizing bicarbonate ion efflux, we hypothesized that ACTZ would prevent the diazepam-induced sIPSC frequency increase following nicotine exposure. Bath application of ACTZ (10 mM) did not change basal sIPSC frequency between control and nicotine groups, nor did it change control responses to diazepam. However, exposure to diazepam in the presence of ACTZ blocked the increase in sIPSC frequency after nicotine (Fig. 5C; 70 .2 6 7.0% in nicotine-treated animals, and 63.5 6 6.3% in saline-treated controls, n = 7 cells/group, n = 3 rats/group, t = 0.710, p = 0.491; Table 1 , line r), confirming that this increase was due, at least in part, to excitatory GABA A R function.
Next, we hypothesized that excitatory GABA A R function following nicotine exposure derived from the downregulation of KCC2 in VTA GABA neurons. Previous work demonstrated that enhancing Cl À extrusion with the KCC2 agonist, CLP290, prevents GABAergic excitation of VTA GABA neurons in conditions of dysfunctional KCC2 (Gagnon et al., 2013; Ostroumov et al., 2016; Thomas et al., 2018) . To determine whether CLP290 can prevent the enhanced GABA release onto DA neurons observed in the Figure 4 . Diazepam increases the firing rate of VTA GABA neurons following acute nicotine exposure. A, Spontaneous firing rates of VTA GABA neurons were measured using the cell-attached configuration before and after bath application of diazepam. B, Representative recordings from VTA GABA neurons before and after bath administration of diazepam in the nicotine (red) and saline (black) groups. After nicotine pretreatment, bath applied diazepam increased GABA neuron firing rates in contrast to decreased firing in the saline group. C, In saline-treated controls, diazepam decreased the firing rate of VTA GABA neurons. In the nicotinetreated group, diazepam increased the firing rate of VTA GABA neurons; ppp , 0.01, significantly different by ANOVA with repeated measures, n = 7, n = 8 cells/group, n = 4, n = 5 rats/group. D, Cell-attached recordings were performed on VTA GABA neurons to assess changes in firing in response to locally applied diazepam ex vivo. E, VTA GABA neurons from saline-treated animals (black) demonstrated a reduction in action potential firing when diazepam was focally puffed onto the recorded neuron. In contrast, VTA GABA neurons from nicotine-treated rats (red) often displayed enhanced firing to diazepam puff application. F, Focal puff application of diazepam decreased the firing rate of VTA GABA neurons in saline-treated controls. In nicotine-treated animals, puff-administered diazepam increased the firing rate of nearly half of all VTA GABA neurons recorded; ppp , 0.01, significantly different by t test, n = 17 cells/group, n = 9, n = 11 rats/group. nicotine-pretreated animals, we measured sIPSC frequency in slices incubated in CLP290 (.1 h, 10 mM) prior to recordings. The nicotine-mediated potentiation of the sIPSC frequency elicited by diazepam was prevented by CLP290 incubation (Fig. 5D ): 65.5 6 5.9% in nicotine-pretreated animals (red bar with CLP290 treatment) and 74.9 6 4.3% in saline-treated controls (black bar with CLP290 treatment, n = 7, n = 8 cells/group, n = 3, n = 4 rats/group, t = À1.253, p = 0.232; Table 1 , line s). Taken together, these results indicate that the effect of acute nicotine pretreatment on diazepam-induced GABA network activity in the VTA was mediated by impaired Cl À homeostasis and altered GABAergic circuit function.
Acute nicotine attenuates diazepam-induced DA activity in vivo
Given that benzodiazepine application typically increases VTA DA neuron firing through disinhibition (O'Brien and White, 1987; Tan et al., 2010) , we hypothesized that nicotine-induced depolarization of E GABA in VTA GABA neurons would attenuate diazepam-induced DA responses in the lateral VTA. To test this, we conducted in vivo single-unit recordings of lateral VTA DA neurons in anesthetized rats. DA neurons were identified based on their electrophysiological and pharmacological properties (see Materials and Methods; Fig. 1G,H) . No significant difference in the mean basal firing rate between groups was observed, 8.0 6 1.0 Hz after saline versus 8.2 6 0.9 Hz after nicotine, n = 7 rats/group, t = 0.094, p = 0.926 (Table 1 , line t). The spontaneous firing rates of VTA DA neurons were monitored before and after intravenous infusion of diazepam (0.25 mg/kg). The selected dose of diazepam was chosen because it disinhibits VTA DA neurons in rodents and extrapolates to a single dose of 2 mg in humans (O'Brien and White, 1987; Nair and Jacob, 2016) . Diazepam administration induced a substantial increase in the spontaneous firing rate of lateral VTA DA neurons in saline-treated controls (Fig. 6A,B , black data): 113.4 6 3.2% of basal, n = 7 rats. In contrast, DA neurons from nicotine-pretreated animals did not show significant increases in DA firing (Fig. 6A,B , red data): 91.1 6 4.3% of basal, n = 7 rats, t = À4.11 882, p = 0.001 (Table 1 , line u). The VTA recording sites from saline-treated (black) and nicotine-treated (red) rats were similar across experiments (Fig. 6C) . Taken together, our data indicate that acute nicotine exposure modified the pharmacological effects of diazepam on VTA circuitry, in particular serving to attenuate diazepam-induced DA responses which correlate with the increased sIPSC frequency observed in the ex vivo experiments.
Acute nicotine increases diazepam intake
Previous work demonstrated that nicotine administration leads to increased consumption of ethanol (Doyon et Figure 6 . Acute nicotine exposure attenuates diazepam-induced VTA DA neuron firing rates in vivo. A, Representative in vivo recordings from putative DA neurons before and after diazepam administration (dose, i.v.) in the nicotine (red) and saline (black) groups. B, Diazepam increased the firing rate of putative DA neurons in the saline group (black) but failed to increase the firing rate of DA neurons in the nicotine group (red); ppp , 0.01, significantly different by t test, n = 7 rats/group. C, Recording sites of putative DA neurons in the VTA for nicotine-treated (red) and saline-treated (black) animals. Figure 5 . Acute nicotine exposure increases diazepam-induced GABA transmission onto VTA DA neurons. A, sIPSCs onto VTA DA neurons were recorded using the whole-cell patch clamp configuration. Shown are representative recordings of sIPSCs before and after diazepam administration in the nicotine-treated (red) and saline (black) groups. B, Mean changes in sIPSC frequency after bath application of diazepam in VTA DA neurons. DA neurons from saline-treated (black) rats displayed a reduction in sIPSC frequency on diazepam application. In contrast, DA neurons from nicotine-treated (red) animals showed a significantly increased diazepam-induced sIPSC frequency; ppp , 0.01, significantly different by t test, n = 14, n = 15 cells/group, n = 6 rats/group. C, Following bath application of ACTZ, diazepam-induced sIPSC frequency in VTA DA neurons did not differ between saline-treated (black) and nicotine-treated (red) groups (p . 0.05, n = 7 cells/group, n = 3 rats/group). D, Following CLP290 incubation, no significant difference in diazepam-induced sIPSC frequency was noted among DA neurons from the saline (black) or nicotine (red) groups (p . 0.05, n = 7, n = 8 cells/group, n = 3, n = 4 rats/group). al., 2013; Thomas et al., 2018) . Ethanol and diazepam exert their actions on the mesolimbic DA system, in part, through activation of GABA A R on VTA GABA neurons. Therefore, we hypothesized that, like ethanol, diazepam consumption would be increased following acute nicotine exposure. To measure diazepam consumption, we used a 2-h limited access home cage drinking paradigm to elicit substantial short-term diazepam intake in rats, without causing the motor impairment produced by large diazepam doses that could confound interpretation of the results ( Fig. 7A ; Söderpalm et al., 1991) . Stable consumption of saccharin (0.125%, w/v) was first established followed by the introduction of diazepam (0.005 mg/ml) into the drinking solution. This dose of diazepam was selected based on the volume of saccharin solution consumed to correspond with the dose of diazepam given for our in vivo DA neuron recordings. Animals receive an acute injection of either nicotine (0.4 mg/kg) or saline ;7-8 h prior to the first diazepam drinking session. Upon adding diazepam to the drinking solution, nicotine-treated animals substantially increased total fluid intake compared with saline-treated controls (Fig. 7B) : group Â day, F (10,170) = 6.12, p = 0.000 (Table 1, line v). Analysis of diazepam consumption according to individual animal weights revealed greater drug intake among nicotine-treated rats compared with controls ( Fig. 7C ): group, F (1,17) = 5.72, p = 0.029 (Table 1, line w). Mean diazepam intake across the 8-d measurement period was significantly higher for the nicotine-treated group (0.30 6 0.03 mg/kg) compared with the saline-treated group (0.21 6 0.02 mg/kg; Fig. 7D , n = 9, n = 10 rats/group, t = 2.391, p = 0.029; Table 1 , line x). In separate groups of animals, we measured saccharin consumption in the absence of diazepam and found no difference between nicotine and saline-treated rats (Fig. 7E) : group, F (1,20) = 0.06, Figure 7 . Increased diazepam consumption in nicotine-treated animals is reduced by KCC2 activation. A, Animals consumed saccharin during daily 2-h sessions prior to adding diazepam in the drinking solution. Rats received an acute injection of nicotine or saline 7 h before the first diazepam drinking session. B, Daily fluid intake was measured in saline and nicotine-treated rats. Nicotine-treated rats showed greater daily intake compared with saline-treated controls; ppp , 0.01, significantly different by ANOVA with repeated measures. C, Time course of mean daily diazepam intake for 8 d, following acute injection of nicotine (red) or saline (black); pp , 0.05, significantly different by ANOVA with repeated measures. D, Rats receiving a single injection of nicotine (red) consumed significantly more diazepam continued (mg/kg) across 8 d than rats receiving a saline injection (black); pp , 0.05, significantly different from the control group by t test, n = 10 rats/group. E, Effects of nicotine or saline pretreatment on daily saccharin intake (mg/kg), in the absence of diazepam. Nicotine-treated animals (red) showed similar saccharin intake compared with saline-treated controls (black) for 8 d after injection. F, Effects of nicotine and saline pretreatment on mean saccharin intake. Rats receiving a single injection of nicotine (red) or saline (black) consumed similar amounts of saccharin (mg/kg) across 8 d. G, Effects of CLP290 on daily diazepam intake. Vehicle (red data) or CLP290 (blue data) was injected intraperitoneally 45 min prior to diazepam drinking on non-consecutive days (blue arrows). Nicotine-pretreated animals injected with CLP290 showed significantly reduced diazepam consumption compared with nicotine-injected rats treated with vehicle. Diazepam consumption in saline-treated control rats is shown for comparison (dotted line); pp , 0.05, significantly different from the nicotine vehicle group by ANOVA with repeated measures. H, Effects of CLP290 on mean diazepam intake over the 8-d drinking period. Animals pretreated with nicotine and CLP290 showed significantly reduced ethanol consumption compared with nicotine and vehicle-treated rats. Diazepam consumption in saline vehicle-treated control rats is shown for comparison (dotted horizontal line); pp , 0.05, significantly different from the nicotine vehicle group by t test, n = 11, n = 15 rats/group. p = 0.940 for daily intake (Table 1, line y). Mean saccharin intake across the 8 d was 50.8 6 4.03 mg/kg for the nicotine-pretreated group and 50.3 6 5.09 mg/kg for the saline pretreated group (Fig. 7F , n = 7, n = 15 rats/group, t = 0.077, p = 0.940; Table 1 , line z). Therefore, the increased diazepam intake in nicotine-pretreated animals was not due to an increase in saccharin intake.
Given that the KCC2 agonist, CLP290, restored diazepam-induced VTA GABA signaling ex vivo, we hypothesized that enhancing Cl À extrusion would also prevent elevated diazepam consumption following nicotine exposure. Nicotine-treated rats received systemic injections of CLP290 (10 mg/kg) or vehicle 45 min prior to diazepam access sessions on non-consecutive days (Fig. 7G,  arrow) . Compared with nicotine-treated rats that received injections of vehicle (Fig. 7G, red data) , nicotine-treated rats that received injections of CLP290 significantly decreased daily diazepam consumption (Fig. 7G, blue data) : group, F (1,24) = 4.74, p = 0.040 (Table 1, line aa). Mean diazepam intake over the 8-d period was also significantly lower in nicotine-treated rats (Fig. 7H ) that received injections of CLP290 (0.22 6 0.02 mg/kg, blue bar) compared with nicotine-treated rats that received injections of vehicle (0.29 6 0.02 mg/kg, red bar), n = 11, n = 15 rats/group, t = À2.176, p = 0.040 (Table 1, line bb). These data were indistinguishable from the saline-treated control group (Fig. 7H, dotted horizontal line) .
Discussion
In the present work, we demonstrated in rats that exposure to nicotine modifies the pharmacological action of diazepam on VTA circuitry and is associated with increased diazepam intake. In VTA GABA neurons, acute nicotine exposure caused a depolarizing shift in the GABA A R reversal potential (E GABA ), which corresponded with diminished Cl À extrusion capacity and decreased KCC2 expression. These nicotine-induced alterations in Cl À homeostasis shifted the effect of diazepam on VTA GABA neurons from inhibition toward excitation and were associated with enhanced GABAergic inhibition of DA neurons in the lateral VTA on diazepam exposure. Critically, enhancing KCC2-mediated Cl À extrusion in nicotine-treated animals prevented alterations in diazepaminduced VTA GABA transmission (Fig. 5D ) and reduced diazepam consumption to control levels (Fig. 7G,H) .
A depolarizing shift in E GABA results in decreased synaptic inhibition or even paradoxical GABAergic excitation of VTA GABA neurons. Although previous work reports depolarizing shifts in GABA A R signaling within the VTA following repeated adolescent nicotine administration (Thomas et al., 2018) , the current results demonstrate that these adaptations can arise in response to a single nicotine exposure in adult animals. Another important difference between chronic adolescent versus acute adult nicotine exposure is the duration of nicotine-induced neuroadaptations. Previous studies showed that dysregulation of VTA GABA signaling persists for more than three weeks following repeated nicotine in adolescence, whereas the effect of acute nicotine in adults wanes within several days (Doyon et al., 2013; Thomas et al., 2018) . In addition to nicotine, treatments that shift GABA A R signaling toward excitation in VTA GABA neurons include abrupt withdrawal from chronic morphine or ethanol, as well as aversive or pain states (Taylor et al., 2015 (Taylor et al., , 2016 Ostroumov et al., 2016; Nelson et al., 2018) . Together with this literature, our findings indicate that experiencedependent depolarizing shifts in GABA A R signaling represent a common, yet remarkably understudied, form of inhibitory synaptic plasticity in the VTA.
Plasticity of inhibitory transmission on VTA GABA neurons can modify the pharmacological action of addictive drugs that target GABA A R (Vashchinkina et al., 2014) . In agreement with previous studies (O'Brien and White, 1987; Tan et al., 2010) , our findings show that positive modulation of GABA A R signaling by diazepam attenuates VTA GABA neuron activity in drug naïve animals. However, after nicotine exposure, diazepam-induced inhibition of VTA GABA neurons was diminished and shifted toward excitation. This transition in GABA A R function arises from impaired Cl À extrusion and downregulation of the K 1 , Cl À transporter KCC2 (Staley et al., 1995; Ostroumov et al., 2016) . Upon diazepam-induced potentiation of GABA A R activity, diminished function of KCC2 leads to the accumulation of Cl À inside the neuron and subsequent collapse of the Cl À gradient (Fig. 2D,E) , which is necessary for the hyperpolarizing GABA A R function (Staley et al., 1995; Hewitt et al., 2009 ). An activity-dependent decrease in the hyperpolarizing Cl À gradient decreases GABAergic inhibition and unmasks an outward flux of HCO 3 ions through GABA A Rs, resulting in neuronal depolarization/excitation (Bormann et al., 1987; Kaila, 1994; Hewitt et al., 2009; Doyon et al., 2016) . Consistent with this model, enhancing Cl À extrusion with CLP290 or attenuating HCO 3 efflux with ACTZ prevented diazepam-induced excitation of VTA GABA circuitry ( Fig. 5B-D) .
Downstream of KCC2 and VTA GABA neuron alterations, we observed diazepam-induced inhibition of lateral VTA DA neurons and increased diazepam intake in nicotine-treated animals. We speculate that adaptations in the inhibitory input onto VTA DA neurons arise from local GABA neurons, but other afferent projections may play a role as well. The correlation between attenuated diazepam-induced DA responses and increased addictive behaviors is consistent across different species and multiple drugs of abuse, including alcohol, nicotine, cocaine and marijuana (Martinez et al., 2007; Lack et al., 2008; Audrain-McGovern et al., 2012; Wang et al., 2012; Doyon et al., 2013; Volkow et al., 2014; Twining et al., 2015; Ostroumov et al., 2016; Büchel et al., 2017; Thomas et al., 2018) . Clinical and preclinical studies associate blunted DA signaling with decreased reward sensitivity and perpetuation of drug use as a means to overcome the attenuated subjective effects (Martinez et al., 2007; Volkow et al., 2010 Volkow et al., , 2014 Taylor et al., 2015 Taylor et al., , 2016 Twining et al., 2015) . In parallel, GABA-mediated persistent decreases in DA neuron activity effectively increase phasic DA responses to salient, drug-related stimuli that may drive addictive-like behaviors (Wanat et al., 2009; Tolu et al., 2013; Morozova et al., 2016; Schindler et al., 2016; Kruse et al., 2017) . In this way, phasic DA signals stand out from the background DA, producing an increased signal-tonoise for salient events. Our electrophysiological data were collected in slices or in anesthetized animals and correspond to pharmacological responses to diazepam in the absence of cues. Therefore, future work should examine how exposure to nicotine alters phasic and tonic DA responding in vivo during addictive behaviors.
Recent epidemiological studies report a steep rise in benzodiazepine misuse and overdose mortality, occurring most commonly in poly drug users (Dunbar et al., 1988; Woods et al., 1992; Griffiths and Weerts, 1997; Lekka et al., 1997; Neutel, 2005; Licata and Rowlett, 2008; Bachhuber et al., 2016; Lembke et al., 2018; Maust et al., 2019) . We showed that nicotine pretreatment increases diazepam intake for several days. The prolonged behavioral effect of a single nicotine exposure suggests that KCC2 downregulation serves as a form of metaplasticity, facilitating downstream diazepam-induced neuroadaptations that maintain elevated consumption (Creed and Lüscher, 2013; Cui et al., 2013; Ostroumov and Dani, 2018 ). An important parameter in our experimental design is that the nicotine exposure was well separated (7-15 h) from diazepam exposure, which allowed us to examine the lasting neural circuit consequences of the treatment not the proximal effect of nicotine itself. Although dysregulated VTA GABA transmission was observed following repeated nicotine administration ( Fig. 3 ; Thomas et al., 2018) , future work should explore the impact of chronic nicotine-induced KCC2 downregulation on nicotine-benzodiazepine coabuse.
Following nicotine administration, elevated diazepam intake was associated with midbrain KCC2 dysfunction and could be prevented by the KCC2 agonist, CLP290. These results suggest that Cl À extrusion enhancers may serve as a therapeutic strategy to mitigate excessive diazepam consumption in smoking populations (Dunbar et al., 1988; Lekka et al., 1997; Neutel, 2005) . Moreover, KCC2 hypofunction and compromised GABAergic inhibition have been observed following other risk factors for benzodiazepine abuse, including opiates and alcohol (Laviolette et al., 2004; Taylor et al., 2016; Nelson et al., 2018) , suggesting that alterations in midbrain KCC2 are a neurobiological mechanism contributing to the vulnerability to benzodiazepine abuse. Taken together, our results reveal that acute nicotine exposure induces long-lasting alterations in mesolimbic responses to benzodiazepines and promotes diazepam consumption in rats. While it is known that nicotine use increases the risk for abuse of other drugs, our data demonstrate that this association extends to benzodiazepines. Moreover, we provide novel insight into the circuit and molecular adaptations giving rise to heightened diazepam consumption after nicotine exposure.
